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Abstract This article presents a numerical study of natural convection and entropy generation of Cu-water
nanofluid within an enclosure with a conductive baffle embedded on bottom hot wall. The governing
equations are solved numerically with Finite Volume Method using the SIMPLER algorithm. Effects of
Rayleigh number, position of conductive baffle and volume fraction of nanoparticles on the streamlines,
isotherms, mean Nusselt number, entropy generation, Bejan number and irreversibility factor have been
studied. At Ra = 104 the convection heat transfer is very weak and the dominant conduction weakens
by displacing the baffle toward the center of the cavity, thus the mean Nusselt number decreases. At
higher Rayleigh numbers due to enhanced convection, the improved mean Nusselt number increases by
increasing the volume fraction and displacing the baffle toward the center of the cavity. The effect of
volume fraction and position of the baffle on entropy generation and Bejan number at Ra = 104 is different
from Ra = 105 and 106. This is due to the effects of addition of nanoparticles on the effective viscosity
and conductivity of nanofluid and conduction dominance. It has been shown that assuming a constant
irreversibility factor, χ , with change of Ra and ϕ is not correct.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
Natural convection heat transfer is present in many en-
gineering processes, such as thermal power plants, heat ex-
changers, environmental comfort, energy storage systems and
electronic cooling. By investigating the physical, geometric and
the total entropy generation of processes, researchers can de-
sign systems with minimum loss of available energy, and en-
hance the thermal performance. Computational fluid dynamics
and numerical codes make the calculation and simulation of lo-
cal and total entropy generation easy in the complicated ther-
mal models. Narusawa [1] studied convective pattern change
of natural convection in a rectangular cavity utilizing the
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doi:10.1016/j.scient.2012.07.018second law of thermodynamics. He found that entropy gen-
eration from the perturbed temperature and velocity fields
depends on aspect ratio of the cavity, the critical Rayleigh num-
ber and the ratio of entropy generation by viscous friction to
that of thermal transport. Magherbi et al. [2] analyzed the en-
tropy generation for laminar natural convection in transient
state. They showed the effect of Rayleigh number and the irre-
versibility factor on the maximum entropy generation and the
entropy generation in steady state condition. Andreozzi et al. [3]
carried out numerical investigation on local and total entropy
generation due to natural convection of air in a vertical chan-
nel, with the side walls symmetrically heated by uniform heat
flux. The results showed different behaviors of distribution of
local values for different Ra values. In both low and high Ra val-
ues, the highest local values were obtained on the corner at the
outlet section. Famouri and Hooman [4] investigated numeri-
cally the entropy generation of natural convection in a parti-
tioned cavity,with adiabatic horizontal and isothermally cooled
vertical walls. They reported that, while entropy production
due to fluid friction has small contribution to total entropy
generation, the heat transfer irreversibility increases monoton-
ically with both the Nusselt number and the dimensionless
evier B.V. Open access under CC BY license.
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A1 Ratio of L2/L
A2 Ratio of (L1 + 0.5L2)/L
A3 Ratio of H1/L2
Be Bejan number, Sgen,h/Sgen
cp Specific heat at constant pressure (J/kg K)
g Gravitational acceleration (m/s2)
h Heat transfer coefficient (W/m2 K)
H1 Baffle height (m)
H Cavity height (m)
K Thermal conductivity (W/m K)
L1 Baffle distance from left wall (m)
L2 Baffle width (m)
L Cavity length (m)
Nu Local Nusselt number, hL/kf
Num Mean Nusselt number
P Pressure (Pa)
P Dimensionless pressure, pL2/ρnf α2f
Pr Prandtl number, νf /αf
Ra Rayleigh number, (gβf∆TL3)/(νf αf )
s′′′gen Local volumetric entropy generation, (W/m3 K)
s′gen Total entropy generation, (W/m K)
Sgen Dimensionless total entropy generation
Sgen,h Dimensionless entropy generation due to heat
transfer
Sgen,v Dimensionless entropy generation due to fluid
friction
T Temperature (K)
T0 Bulk temperature
u, v Velocity components in x, y direction (m/s)
U, V Dimensionless velocity, uL/αf , vL/αf
x, y Cartesian coordinates (m)
X, Y Dimensionless cartesian coordinates, x/L, y/L
Greeks
α Thermal diffusivity (m2/s)
β Thermal expansion coefficient (1/K)
µ Dynamic viscosity (kg/ms)
ρ Density (kg/m3)
Θ Dimensionless temperature, (T − Tc)/(Th − Tc)
ϕ Solid volume fraction
χ Irreversibility factor
Subscripts
c Cold
f Pure fluid
h Hot, heat transfer
nf Nanofluid
s Solid phase
temperature difference. Varol et al. [5] investigated entropy
generation for conjugate natural convection heat transfer in an
enclosure bounded by two solid massive vertical walls with
different thicknesses. Vertical walls were heated differentially
and horizontal walls were adiabatic. It was found that en-
tropy generation increases with increasing thermal conductiv-
ity ratio and walls thicknesses. Oliveski et al. [6] carried out a
numerical analysis on natural convection and entropy genera-
tion in a rectangular cavity. Top and bottom wall of the cavitywere adiabatic, while vertical walls were at cold and hot but
uniform temperatures, respectively. The results showed that
the total entropy generation increased by enhancing the as-
pect ratio, the irreversibility factor and Rayleigh number. The
entropy generation due to the viscous term increased with in-
creasing aspect ratio for a given Ra number. Alipanah et al. [7]
studied the entropy generation for compressible and incom-
pressible natural convection flows in a square cavitywith differ-
ent sidewall temperatures. It was determined that the entropy
generation for compressible flow is always more than incom-
pressible flow. Mukhopadhyay [8] studied numerically entropy
generation of natural convection in an enclosure heated locally
from bottom. The results showed that, when the peak tempera-
ture of heater was low the entropy generation rate was also the
lowest. Kaluri and Basak [9] studied entropy generation inside
square cavities with distributed heated sources at wide ranges
of Pr and Ra, using finite element method. They obtained that
the heat transfer irreversibility dominates during conduction
regime while irreversibility due to the fluid friction dominates
in the convection regime, except for the lowPr fluid. In addition,
they observed similar behavior for the variation of total entropy
generation in higher Pr fluids and little effect on total entropy
generation for fluids with Pr = 0.7 for both conduction and
convection regimes. Ilis et al. [10] numerically studied entropy
generation in rectangular cavities with the same area but dif-
ferent aspect ratios. They found that for high value of Rayleigh
number, with increasing aspect ratio the entropy generation
due to fluid friction and the total entropy generation firstly in-
creased, reaching to a maximum and then decreased. Bouabid
et al. [11] investigated natural convection in an inclined rect-
angular cavity numerically. Their results showed that entropy
generation tends towards asymptotic values for lower Grashof
numbers, whereas it takes oscillation behavior for higher
values.
Natural convection is simple, cost effective and reliable, and
different techniques may be used to enhance heat transfer
rate in buoyancy-induced convection. One method is to apply
baffle on the active walls. Bilgen [12] modeled numerically a
differentially heated square cavity filled with fluid of Pr = 0.7
and with thin conductive fin on the hot wall. He observed that
Nusselt number decreased by reducing fin length and relative
conductivity ratio. The heat transfer by natural convection
minimized when fin was at the center or near center of
the cavity. Ben-Nakhi and Chamkha [13] investigated natural
convection in a square enclosure with an inclined conductive
thin fin attached to themiddle of the left thin wall. The left wall
was hot and the external sides of three other thick walls were
cold. The dimensionless solid wall thickness was 0.2 and the
enclosure contained fluid with Pr = 0.707. Results illustrate
that, in general, the thin fin reduces the mean Nusselt number.
Kandaswamyet al. [14] studiedbuoyancydriven convection in a
square cavitywith twomutually orthogonal located thin baffles
using finite difference method. Base fluid had Prandtl of 0.71
and baffles were heat source. It was demonstrated that heat
transfer in the cavity augmented by increasing baffle length and
cavity ratio. In addition, upward movement of horizontal baffle
leaded to decrease in heat transfer.
The low thermal conductivity of conventional heat trans-
fer fluids, commonly water, has restricted designers. A possi-
ble solution to conquest this problemmay be obtained by using
fluids containing nano-sized solid particles called nanofluids.
The nanofluid obtained has greater effective thermal conduc-
tivity than pure base fluid. Khanafer et al. [15] investigated heat
transfer enhancement in a two-dimensional enclosure utilizing
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effect of suspended ultrafine metallic nanoparticles on the
fluid flow and heat transfer processes within the enclosure
was analyzed and effective thermal conductivity enhancement
maps were developed for various controlling parameters. Singh
et al. [16] analyzed theoretically the entropy generation in a
tube containing Alumina–water nanofluid for different tube di-
ameters. They showed that irreversibility due to flow friction
and heat transfer was more important at lower and higher tube
diameters, respectively. The entropy generation rate at an op-
timum diameter was minimum for both laminar and turbulent
flows. Aminossadati and Ghasemi [17] studied the natural con-
vection heat transfer in an enclosure filled with nanofluid. The
top and vertical walls of the enclosure were cold with a heat
source embedded on the bottom wall. The results showed that
it is possible to achieve higher cooling performance by adding
nanoparticles into pure water especially at low Rayleigh num-
bers. Oztop and Abu-Nada [18] studied heat transfer and fluid
flow in a partially heated enclosure using different types of
nanofluids, numerically. They obtained that the heat transfer
increased more at low aspect ratios than at high aspect ratios
of the enclosure. In addition, they observed that for all Rayleigh
numbers, the mean Nusselt number increased, as the volume
fraction of nanoparticles increased.
Ho et al. [19] studied numerically the effects of uncertain-
ties of dynamic viscosity and thermal conductivity of nanofluid
on natural convection in a square enclosure filled with Al2O3-
water nanofluid. Enhancements in the thermal conductivity
and dynamic viscosity estimated from the two adopted for-
mulas leaded to the heat transfer enhanced or mitigated.
Abu-Nada and Chamkha [20] performed a numerical study of
natural convection heat transfer in a differentially heated enclo-
sure filled with variable properties CuO–EG–water nanofluid.
Either enhancement or decline reported for the mean Nus-
selt number as the volume fraction of nanoparticles increased.
Khanafer andVafai [21] recently presented a critical synthesis of
the variants within the thermo physical properties of nanoflu-
ids. They showed that the reported experimental results for the
effective thermal conductivity and viscosity of nanofluids in the
literature are in disagreement, thus more theoretical and ex-
perimental works are required to clarify the differences. How-
ever, they showed that at room temperature and at low solid
volume fractions, the classical models, such as Brinkman [22]
and Maxwell [23], are still reliable for estimating the effective
viscosity and thermal conductivity of nanofluids. These mod-
els have been used recently in the studies of Aminossadati and
Ghasemi [17], Oztop and Abu-Nada [18], Ho et al. [19] and oth-
ers [24–26].
There are only few entropy generation studies of natural
convection in cavities filled with nanofluid. In addition, so
far a study on the entropy generation and heat transfer of
nanofluid natural convection, in a cavity with embedded con-
ductive baffle, has not been performed. In this study the ef-
fects of the volume fraction of nanoparticles, baffle location
and Rayleigh number on temperature field, streamlines, mean
Nusselt number, total entropy generation, irreversibility factor
and Bejan number are investigated. The aim of this natural con-
vection study is not investigation of the effects of using differ-
ent nanofluids property models, thus to estimate the effective
viscosity and the conductivity of nanofluid, the Brinkman and
Maxwell models are used, respectively.Figure 1: Schematic of the cavity.
2. Mathematical formulation
2.1. Problem statement
The two-dimensional cavity considered with H equal to
L is shown schematically in Figure 1. The cavity is filled
with Cu–water nanofluid having nanoparticles volume fraction
between0 and0.08. The bottomwall of the cavity is at a uniform
high temperature (Th) where a conductive copper baffle with
conductivity of 400 W/m K is attached to it. The left and right
wall temperature (Tc) is less than the bottomwall temperature
and the top wall is insulated. To present the size and location
of the baffle in non-dimensional form, three parameters A1, A2
and A3 are defined as followings:
A1 = L2L , A2 =
L1 + 0.5L2
L
, A3 = H1L2 . (1)
A1 is assumed 0.04 and A3, defined as the baffle aspect ratio,
is assumed 5. Three different values for the dimensionless
location of conductive baffle, A2, are used which are 0.19, 0.35
and 0.5 (midpoint of the bottom wall).
Since nanofluid consists of very small sized spherical solid
particles with diameter equal to 100 nm, in low solid concen-
tration, it is reasonable to consider nanofluid flow as single
phase [27]. The Prandtl number of base fluid (water) is as-
sumed 6.7. The thermo-physical properties of the base fluid and
nanoparticles are given in Table 1. It is assumed that the base
fluid and the nanoparticles are in thermal equilibriumand there
is no slip between them. All nanofluid properties are assumed
temperature independent, but the Boussinesq model approxi-
mates the density of the nanofluid in the buoyancy term. The
fluid is Newtonian and the flow is steady, incompressible and
laminar. It should be noted that since the cavity is heated from
the bottom, in real 3-D geometries some secondary motions
could be present, especially at the onset of convection. How-
ever, assuming an indefinite cavity width, the flow at steady
state is considered two-dimensional. In addition, the effect of
viscous dissipation is negligible.
2.2. Governing equations
The governing equations for the steady, 2-D laminar and
incompressible convective flow are the ones that follow [28]:
∂u
∂x
+ ∂v
∂y
= 0, (2)
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300 K [17].
Property Fluid (water) Solid (Cu)
cp (J/kg K) 4179 385
ρ (kg/m3) 997.1 8933
k (W m−1 K−1) 0.613 401
β × 105 (1/K) 21 1.67
u
∂u
∂x
+ v ∂u
∂y
= − 1
ρnf
∂p
∂x
+ υnf∇2u, (3)
u
∂v
∂x
+ v ∂v
∂y
= − 1
ρnf
∂p
∂y
+ υnf∇2v + (ρβ)nf
ρnf
g(T − Tc), (4)
u
∂T
∂x
+ v ∂T
∂y
= αnf∇2T . (5)
The following dimensionless parameters are used to obtain the
dimensionless form of the governing equations:
X = x
L
, Y = y
L
, V = vL
αf
, U = uL
αf
,
∆T = Th − Tc, θ = T − Tc
∆T
, Pr = υf
αf
,
P = pL
2
ρnf α
2
f
, Ra = gβf∆TL
3
υf αf
.
(6)
Eqs. (7)–(10) represent the dimensionless form of Eqs. (2)–(5).
∂U
∂X
+ ∂V
∂Y
= 0, (7)
U
∂U
∂X
+ V ∂U
∂Y
= − ∂P
∂X
+ υnf
υf
Pr ·∇2U, (8)
U
∂V
∂X
+ V ∂V
∂Y
= − ∂P
∂Y
+ υnf
υf
Pr ·∇2V + Ra · Pr · (ρβ)nf
ρnf βf
θ, (9)
U
∂θ
∂X
+ V ∂θ
∂Y
= αnf
αf
∇2θ. (10)
According to Bejan [29], the volumetric entropy generation rate
for a two-dimensional flow is:
s′′′gen =
knf
T 20

∂T
∂x
2
+

∂T
∂y
2
+ µnf
T0

2

∂u
∂x
2
+ 2

∂v
∂y
2
+

∂u
∂y
+ ∂v
∂x
2
, (11)
where T0 is equal to (Th+ Tc)/2. The total entropy generation is
determined by surface integration of Eq. (11) inside the cavity
as:
s′gen =
 L
0
 L
0
s′′′gendxdy
=
 L
0
 L
0

knf
T 20

∂T
∂x
2
+

∂T
∂y
2
+ µnf
T0

2

∂u
∂x
2
+ 2

∂v
∂y
2
+

∂u
∂y
+ ∂v
∂x
2
dxdy. (12)By using the previously mentioned dimensionless parameters,
Eq. (12) takes the following dimensionless form as:
Sgen =
 1
0
 1
0

knf
kf

∂θ
∂X
2
+

∂θ
∂Y
2
+χ

2

∂U
∂X
2
+ 2

∂V
∂Y
2
+

∂U
∂Y
+ ∂V
∂X
2
dXdY
= knf
kf
 1
0
 1
0

∂θ
∂X
2
+

∂θ
∂Y
2
dXdY
+χ
 1
0
 1
0

2

∂U
∂X
2
+ 2

∂V
∂Y
2
+

∂U
∂Y
+ ∂V
∂X
2
dXdY
= Sgen,h + Sgen,v. (13)
The parameters Sgen,h and Sgen,v in Eq. (13) represent the dimen-
sionless entropy generation due to heat transfer and viscous
effects, respectively. The dimensionless total entropy genera-
tion is:
Sgen = s′gen
T 20
kf∆T 2
. (14)
The parameter χ , called irreversibility factor, which is the ratio
between viscous and thermal irreversibilities [6], is:
χ = µnf α
2
f T0
kf∆T 2L2
. (15)
Bejan number, Be, defined as the dimensionless entropy gener-
ation due to heat transfer divided by the total entropy genera-
tion, is expressed as:
Be = Sgen,h
Sgen
. (16)
In some previous studies [3,6] the total entropy generation and
Be have been obtained for constant values of χ , whereas by
changing Ra and ϕ the nanofluid properties changes, thus χ
does not remain constant. Therefore, the results presented in
those references are doubtful. In this study, the total entropy
generation, Be and irreversibility factor have been calculated ac-
counting for the change of temperature and properties. Thermal
diffusivity and the effective density of the nanofluid are given
by:
αnf = knf
(ρcp)nf
, (17)
ρnf = ϕρs + (1− ϕ)ρf . (18)
The heat capacitance and the thermal expansion coefficient of
the nanofluid are defined as:
(ρcp)nf = ϕ(ρcp)s + (1− ϕ)(ρcp)f , (19)
(ρβ)nf = ϕ(ρβ)s + (1− ϕ)(ρβ)f . (20)
The viscosity of the nanofluid estimated, using the Brinkman
model [22], is given by:
µnf = µf
(1− ϕ)2.5 . (21)
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by Maxwell model [23] as:
knf
kf
= ks + 2kf − 2ϕ(kf − ks)
ks + 2kf + ϕ(kf − ks) . (22)
In order to investigate the effects of different parameters on
heat transfer, the local Nusselt number defined by Eq. (23) and
the mean Nusselt number, Num, expressed by Eq. (24) are stud-
ied. TheNum is obtained by integrating the localNu over the cold
surfaces and dividing by the total cold length.
Nu = hL
kf
, (23)
Num = 12L

cold walls
NudY . (24)
The boundary conditions are as the followings:
Vertical walls:

U = V = 0
θ = 0 (25)
Bottom wall:

U = V = 0
θ = 1 (26)
Top wall:

U = V = 0
∂θ
∂Y
= 0 (27)
Baffle surfaces:
U = V = 0
Left and right surfaces:
knf
kCu
∂θ
∂X

nf
= ∂θ
∂X

baffle
Upper surface:
knf
kCu
∂θ
∂Y

nf
= ∂θ
∂Y

baffle
.
(28)
3. Numerical method
The continuity, momentum and energy balance equations
have been solved through control-volume formulation given by
Patankar [30], using uniform meshes. The SIMPLER algorithm
has been used for the pressure velocity coupling. A study was
performed on the effect of grid size on the results for different
cases. In Figure 2, the results for the total entropy generation
and Num are shown for a particular case of Ra = 106, A2 =
0.5 and ϕ = 0.06. Changes of entropy generation and Num,
by varying the number of meshes, showed that the maximum
relative difference forNum and entropy generation for 121×121
meshes compared to 111× 111 meshes were less than 0.086%
and 0.076%, respectively, thus 111× 111 meshes were used in
all simulations.
In order to validate the numerical results, the entropy
generation, Bejan number and mean Nusselt number were
obtained for natural convection in a cavity, similar to the study
of Oliveski et al. [6], for two Ra and two constant irreversibility
factors. Comparison of results, obtained in this study, with
those of Oliveski et al. [6], presented in Table 2, reveals good
agreement. It should be noted that the values from the curves
presented by Oliveski et al. [6] have been picked with ultimate
care.Table 2: Num obtained in this study (*) compared with those of Oliveski
et al. [6] (**).
Ra χ Sgen Be Num
105
10−4 23.172 0.196 4.667
∗
23.87 0.183 4.531∗∗
10−2 1867.84 0.00243 4.667
∗
1904 0.0023 4.531∗∗
103
10−4 1.153 0.9701 1.118
∗
1.16 0.96 1.116∗∗
10−2 4.685 0.256 1.118
∗
4.72 0.25 1.116∗∗
4. Results and discussion
The flow pattern and the thermal fields are presented in
Figure 3, showing streamlines and isotherms for Ra of 104 and
106, volume fractions of 0 and 0.08 and for different location of
conductive baffle. The fluid adjacent to vertical walls becomes
cold and moves downward; after getting heated by the bottom
hot wall and the baffle, moves up due to buoyancy force, thus
two convective cells forms inside the cavity. From Figure 3, it
is seen that the role of convective heat transfer becomes more
important as the Ra increases, and there is more mixing and
the value of stream functions are increased showing stronger
convective cells. At Ra = 106, there are sharp temperature
gradients close to the vertical cold and the horizontal bottom
hot walls. In addition, as the conductive baffle gets close the
center of the cavity, the cell at the left side becomes stronger.
Irrespective of the position of the baffle, for Ra = 104, the
streamlines for both ϕ = 0.0 and 0.08 are almost overlapped,
especially close to the cold and hot walls, but for Ra = 106 and
A2 = 0.19 or 0.35, the right convective cell is larger for ϕ =
0.08.When the conductive baffle is close to the left verticalwall,
this change of size is more evident. It is seen that for ϕ = 0.08,
the streamlines close to the walls get close to each other, thus
stronger fluid flow occurs near the walls and the temperature
grad4ient increases resulting in enhanced heat transfer.
In Figure 4, the values of Num are presented for Ra =
104, Ra = 105 and Ra = 106 for different values of A2 and ϕ. It
is seen that, for any constant A2, theNum increases by increasing
Ra and ϕ. For Ra = 105 and Ra = 106, convection is the main
mechanismof heat transferwhich is enhanced by displacing the
conductive baffle from the left corner toward the center of the
cavity, thus Num increases. It should be noted that for Ra = 104
the conductionheat transfer is the dominantmechanismof heat
transfer within the cavity, thus as the baffle gets distance from
the left wall conduction weakens, Num decreases.
The entropy generation is presented in Figure 5 in terms of
position of the conductive baffle for different Ra and ϕ values.
For each constant A2, the total entropy generation decreases by
increasing Ra. Increase of Ra is due to increased temperature
difference between the hot and cold walls, thus causing
stronger flow motion and decrease in entropy generation due
to viscous effects and increase in entropy generation due to
heat transfer. However, enhancement of entropy generation
due to heat transfer is not as much to substitute the decreased
viscous entropy generation, hence, the total entropy generation
decreases. This is shown in Table 3 for one of the cases studied.
From Figure 5, it is seen that the effect of ϕ on entropy
generation at Ra = 104 is different from Ra = 105 and 106
as A2 changes. This is due to effect of addition of nanoparticles
on the effective viscosity and conductivity of nanofluid and
importance of conduction compared with convection. In this
regard at Ra = 104, where conduction is the dominant
H. Khorasanizadeh et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 1996–2003 2001Figure 2: Total entropy generation and Num in mesh independence study; Ra = 106, A2 = 0.5, ϕ = 0.06.Figure 3: Flow pattern and isotherm contours for base fluid (—) and nanofluid with ϕ = 0.08 (– – –) for different A2 and Ra values.mechanism of heat transfer, as the baffle moves toward the
center of the cavity, the entropy generation decreases and the
highest rate of entropy generation decrease is for ϕ = 0.08.
This is due to increased effective conductivity of nanofluid with
ϕ. But at higher Ra values the convection is dominant, and by
displacement of the baffle toward the center of the cavity, the
motion inside the cavity enhances, thus the entropy generation
increases and the maximum increase is for ϕ = 0.08.
In order to study the share of each individual termof entropy
generation, the Bejan number is presented in Figure 6 in terms
of A2 for different Ra numbers. The Bejan number increases
with increasing Ra in all of the cases studied. It should be noted
that this increase for Be has resulted while the total entropyTable 3: Entropy generation due to heat transfer, viscose effect and the total
entropy generation.
Ra Sgen,h Sgen,v Sgen
104 8.140 183.679 191.819
105 11.296 89.546 100.842
106 17.348 19.022 36.370
generation decreases vastly, but the entropy generation due
to heat transfer increases softly (see Table 4). For Ra = 105
and 106, due to effect of ϕ on increased effective viscosity of
nanofluid, the minimum Be number at every A2 is for ϕ = 0.08.
2002 H. Khorasanizadeh et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 1996–2003Figure 4: The mean Nusselt number, Num , for (a) Ra = 104 , (b) Ra = 105 , and (c) Ra = 106 .Figure 5: The entropy generation in terms of position of the conductive baffle for (a) Ra = 104 , (b) Ra = 105 , and (c) Ra = 106 .Figure 6: Bejan number for different A2 values for (a) Ra = 104 , (b) Ra = 105 , and (c) Ra = 106 .For Ra = 104, due to relatively strong viscous effects, Be
has minimum value and remains unchanged for all ϕ and A2
values showing similar changes for viscose and heat transfer
irreversibilities with change of ϕ and A2. For Ra = 105 and 106,
when the baffle is at A2 = 0.19, the entropy generation due
to heat transfer is dominant, because of the sharp temperature
gradients close to the cold wall as well as the left side wall of
the baffle (see Table 4), thus Be is maximum. However, when
the baffle moves toward the center of the cavity, convection
enhances, thus viscose effects increases and Be decrease
softly.
The value of entropy generation is shown in Table 4 for A2 =
0.19, ϕ = 0.0 and 0.08 and Ra = 104 and 106. It is observed
that, by increasing Ra from 104 to 106, the entropy generation
due to heat transfer increases, but entropy generation due to
viscosity effect decreases sharply and, as a result, the Bejan
number increases.
Irreversibility factor, χ , is presented in Table 5 for different
Ra and ϕ values. As can be seen, the value of χ is not constant,
and decreases by increasing Ra, and increases by increasing ϕ.Table 4: Entropy generation due to heat transfer, viscosity effect and
total Be for A2 = 0.19.
ϕ Ra Sgen,h Sgen,v Sgen Be
0 10
4 5.687 189.2 194.887 0.029
106 11.012 10.54 22.552 0.488
0.08 10
4 5.326 181.5 186.826 0.029
106 10.842 17.41 28.252 0.383
5. Conclusion
Irrespective of the location of the conductive baffle, Num
increases by increasing Ra number and ϕ. For Ra = 104, the
conduction is the dominant mechanism of heat transfer and as
the baffle moves toward the center of the cavity the conduction
mitigates, thus Num decreases. For Ra = 105 and Ra = 106
by displacing the baffle toward the center of the cavity the
convection gets stronger and the trend for Num is to increase.
The total entropy generation decreases by increasing the Ra
for all volume fractions and all positions of conductive baffle.
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Ra ϕ
0 0.02 0.04 0.06 0.08
104 1.67 × 10−4 1.76 × 10−4 1.85 × 10−4 1.95 × 10−4 2.06 × 10−4
105 1.67 × 10−6 1.76 × 10−6 1.85 × 10−6 1.95 × 10−6 2.06 × 10−6
106 1.67 × 10−8 1.76 × 10−8 1.85 × 10−8 1.95 × 10−8 2.06 × 10−8At Ra = 104, where conduction is the dominant mechanism
of heat transfer, the minimum value of entropy generation
always occurs for ϕ = 0.08, irrespective of the positions of the
baffle. However, due to strong viscose effects at Ra = 104, the
maximum entropy generation for every volume fraction occurs
when the baffle is close to the left wall. For Ra = 105 and
106, for which the convection is more important, the minimum
entropy generation always occurs for ϕ = 0 irrespective
of the position of the baffle. Due to enhanced viscose effects
with improved convection, the maximum entropy generation
occurs when the baffle is at the middle of the bottom wall. The
Bejan number increases with increasing Ra number, since heat
transfer irreversibility increases while viscose irreversibility
decreases. At Ra = 105 and 106, increasing ϕ causes increase
of viscose irreversibility share, thus Be decreases. For Ra = 105
and 106, the maximum Bejan number occurs at A2 = 0.19
due to sharp temperature gradients close to the vertical cold
and hot surfaces. In contrast to some previous studies [3,6] that
assumed constant values for irreversibility factor, in the present
study, it was shown that χ is not constant and decreases by
increasing Ra number and increases by increasing ϕ.
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